Angiotensin II (AII) is a multifunctional bioactive peptide, and host renin-angiotensin system (RAS) is closely associated with tumor growth. Recent reports have described that AII is a proangiogenic growth factor, and that Angiotensin II type 1 (AT1) receptor antagonists reduce tumor growth and tumor-associated angiogenesis. In this paper, we investigated the participation of AT1 receptor-signaling in cancer progression using murine Lewis lung carcinoma (LLC) cells, which express AT1 receptor, and AT1a receptor gene-deficient (AT1aÀ/À) mice. When LLC cells were implanted subcutaneously into wild-type (WT) mice, developed tumors showed intensive angiogenesis with an induction of vascular endothelial growth factor (VEGF) a. Compared with WT mice, tumor growth and tumor-associated angiogenesis was reduced in AT1aÀ/À mice with reduced expression of VEGFa. In AT1aÀ/À mice, administration of the AT1 receptor antagonist, TCV-116, showed further reductions of tumor growth, tumor-associated angiogenesis, and VEGFa expression. In vitro study, the expression of VEGFa mRNA and the production of VEGFa protein in LLC cells were significantly increased by AII, which were cancelled by AT1 receptor antagonist, CV-11974. Although the expression of other angiogenic factors, such as angiopoietin-1, angiopoietin-2, epidermal growth factor, and VEGF receptor 2 mRNA, was also investigated in tumor tissues, the expression of VEGFa was most correlated with tumor size among those other angiogenic factors. VEGFa induction by AT1 receptor-signaling in both host and tumor tissues is one of key regulators of tumor growth and tumor-associated angiogenesis. In conclusion, tumor tissue RAS as well as host tissue RAS were found to have an important role in tumor growth. AT1 receptor-signaling blockade may be a novel and effective target in the treatment of cancer. The renin-angiotensin system (RAS) plays important roles in the regulation of cardiovascular homeostasis and blood pressure.
The renin-angiotensin system (RAS) plays important roles in the regulation of cardiovascular homeostasis and blood pressure. 1 Many pathophysiological activities of angiotensin II (AII) are known to be mediated by the seven transmembrane receptors. Two major subtypes of AII receptors, namely AT1 receptor and AT2 receptor, have been identified, with the former having receptor subtypes, AT1a and AT1b. 2 Most of AII functions in the cardiovascular system are mediated through the AT1 receptor, and in rodents they are mediated through the AT1a receptor. [3] [4] [5] [6] Recently, many reports have suggested that AII is involved in other functions, such as apoptosis, vascular remodeling, and inflammation. [7] [8] [9] As regards vascular remodeling, several studies have shown that AII promotes proliferation, migration, and growth factor synthesis in several types of vascular cells, including smooth muscle cells and pericytes. [10] [11] [12] [13] Other studies have also investigated the angiogenic effects of exogenous AII in vivo angiogenesis models. [14] [15] [16] [17] Furthermore, recent studies have revealed local expression of several components of the RAS in various cancer cells and tissues. 18 A large-scale clinical trial for hypertension demonstrated that inhibitors of angiotensin-converting enzyme (ACE) reduced mortality rates not only of those due to cardiovascular diseases but also those due to malignant tumors. 19 Although angiogenesis induced by ACE inhibitors has been reported, 20, 21 ACE inhibitors have also been shown to inhibit tumor-associated angiogenesis in many previous studies. [22] [23] [24] Recently, some reports using AT1 receptor antagonist and AT1a receptor gene-deficient (AT1aÀ/À) mice have shown that the blocking of AT1a receptor-signaling inhibited growth of the following tumor cells: melanoma, 25 lung, 26 prostate, 27 renal cell carcinoma, 28 and pancreas. 29 These studies suggested that AII induced tumor-associated angiogenesis by producing vascular endothelial growth factor (VEGF) a via AT1 receptor in host-derived stroma. However, the precise mechanisms about the contribution of AT1 receptor in tumor cells remain to be determined.
The aim of the present study was to clarify the mechanisms of AT1 receptor signaling to facilitate tumor growth and tumor-associated angiogenesis with special focus on the interaction between host-derived stroma and tumor cells. The results reported here may provide a novel and effective strategy to treat malignant tumors.
MATERIALS AND METHODS Agents and Cell Culture
30 was a kind gift from Takeda Chemical Industries (Osaka, Japan). CV11974 is the active metabolite of TCV116 and used for in vitro experiments. AII was purchased from Sigma (St Louis, MO, USA).
Murine Lewis lung carcinoma (LLC) cells 26, 31 were provided by Riken Cell Bank (RCB No. 0558). Vascular smooth muscle cells (VSMC) from the thoracic aorta of 4-week-old male Wistar rats were prepared by the explant method. 32 And human embryonic kidney (HEK) 293 cells were provided by ATCC (CRL-1573). These cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 U/ml) (all obtained from Invitrogen (ON, Canada)) at 371C in a humidified atmosphere of 95% air and 5% CO 2 .
Animals
Male C57BL/6J mice (WT mice, 8-to 10-week-old) were obtained from Charles River Japan, (Yokohama, Japan). Male AT1aÀ/À mice (C57BL/6J background) were developed as reported previously. 33 AT1aÀ/À mice (n ¼ 32) and their WT counterparts (n ¼ 33) were housed at a controlled humidity of 6075% and a temperature of 25711C, with a 12-h light/ dark cycle. All animal experiments were performed in accordance with the guidelines for animal experiments set by the Animal Experiment Committee of Yokohama City University School of Medicine.
siRNA Preparation Synthetic RNAs were purchased from Invitrogen (Stealth Invitrogen). The sequence of our prepared mouse angiotensinogen siRNA was 5 0 -UGU UGU UCA GAU UUG CCU CCG CAC C-3 0 ; 3 0 -A CAA CAA GUC UAA ACG GAG GCG UGG-5 0 . Scramble oligo control siRNA duplex was also purchased from Stealth Invitrogen, and was used as controls. The siRNAs and Atelocollagen (Koken Co., Ltd, Tokyo, Japan) complexes were prepared as described by Minakuchi et al. 34 Atellocollagen was used for siRNA stabilization and prolonged release of siRNA. An equal volume of Atelocollagen (in phosphate buffered saline (PBS) at pH 7.4) and siRNA solution was combined and mixed by rotation at 41C for 20 min. The complex was kept at 41C for 16 h before use. Final concentration of Atelocollagen was 0.5%.
Tumor Implantation Model: Effects of Angiotensinogen siRNA and TCV-116 LLC cells were harvested and washed two times with PBS. After pelleting by brief centrifugation at 300 g, the cells were re-suspended in PBS at a density of 1 Â 10 7 cells/ml. A 200 ml aliquote of cell suspension was injected subcutaneously using a tuberculin syringe with a 26-gauge needle into the dorsal skin of mice under anesthesia (50 mg/kg xyladine, and 50 mg/ kg ketamine, intraperitoneally). The day of inoculation was defined as day 0. After the implantation of LLC cells, the size of the developing tumors was measured with a caliper every 7 days. The tumor volume was calculated according to the
and W ¼ width (length is greater than width). 35 At 21 days after the injection, mice were killed with an excess dose of chloroform, and tumor tissues were resected, measured, and weighed.
1. angiotensinogen siRNA: the roles of local RAS in tumor growth and tumor-associated angiogenesis were determined by using angiotensinogen siRNA. At 10 days after the injection of LLC cells, WT mice showing tumors were randomly divided into two treatment groups (angiotensinogen siRNA and control siRNA) of five animals each. The siRNA complexed with Atelocollagen was injected directly into the tumor (2.0 mg siRNA/100 ml/ tumor) as described by Minakuchi et al. 
Western Blot Analysis
The expression of the AT1 receptor and angiotensinogen protein in LLC cells, and tumor tissues was studied. And VEGFa protein in LLC cells was studied. LLC cells were harvested and lysed in tissue protein extraction reagent (Pierce, Rockford, IL, USA) containing phenylmethylsulfonyl fluoride (10 mg/ml), aprotinin (10 mg/ml), leupeptin (10 mg/ ml), N-p-tosyl-L-lysine chloromethyl ketone (10 mg/ml) and 
10
À7 mol/l) for 15 min. In isolated tumor tissues, AT1a receptor and AT1b receptor mRNA and other angiogenic factors, such as epidermal growth factor (EGF), epidermal growth factor receptor (EGFR), angiopoietin-1, angiopoietin-2, and vascular endothelial growth factor receptor (VEGFR)-1, and VEGFR-2 mRNA were examined. Total RNA was extracted from cells and tumor tissues using Isogen (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions and as described Kihara et al. 37 Total RNA was reverse-transcribed using 25 ng/ml oligo-(dT) 12-18 and 10 U/ml Superscript III reverse transcriptase (Invitrogen) with 0.2 mg of total RNA per sample. PCR was performed by incubating the RT product with the TaqMan Universal PCR Master Mix and designed TaqMan probe (Applied Biosystems, Foster City, CA, USA). Each experiment was carried out in triplicate. Wells were sealed with optical sheet, and the PCR reaction was run on an ABI prism 7700 using standard conditions. RNA quantity was expressed relative to an 18S endogenous control. Relative expression levels were expressed by a comparative threshold cycle (C T ) method as described previously. 32 Cell Growth Assay Cells (2.5 Â 10 4 cells/well) were plated on 96-well plates in DMEM with 10% FBS. After a 24-h incubation with 10% FBS, the cells were serum starved for 24 h, and then pretreated with CV11974 (4 Â 10 À5 mol/l) for 24 h and treated with various concentrations of AII (10
À6
, 10
À8
, 10 À10 , and 10 À12 mol/l) for 24 h. After a 2-day treatment, the net number of viable cells was determined using a water-soluble tetrazolium (WST-8) [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetrazolium, monosodium salt] (TetraColor One, Seikagaku Co., Tokyo, Japan) colorimetric assay. Cell growth rate was plotted as ratio to untreated control absorbance.
Enzyme-Linked Immunosorbent Assay and Radioimmunoassay Tumor tissues were removed from the mice, and tissues were homogenized in tissue protein extraction reagent (Pierce) and centrifuged. The supernatant was then recovered and the VEGFa levels were determined using a mouse VEGFa enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN, USA). The samples were measured in duplicate and averaged. VEGFa levels were expressed relative VEGFa to the VEGFa level of WT-C.
VEGFa levels were also measured in the supernatants of the LLC cells. Briefly, LLC cells at subconfluence were treated with or without AII (10 À6 mol/l) and with or without CV11974 (4 Â 10 À5 mol/l) for 24 h. The culture media were collected and VEGFa levels were determined.
AII levels were also measured in the supernatants of the LLC cells. After 24-h incubation with 10% FBS, LLC cells were serum starved for 24 h. The culture media were collected, and AII levels were measured using radioimmunoassay, and the assay was carried out at the laboratory of SRL Inc. (Tokyo, Japan).
Histological and Immunohistochemical Examination
Tumor tissues were excised from the mice, fixed in IHC zinc fixative (BD Biosciences, San Jose, CA, USA) overnight, and embedded in paraffin. Multiple 3 mm tissue slices were prepared from tumors taken from both WT and AT1aÀ/À mice (n ¼ 16-17). The dehydrated sections were stained using the labeled streptavidin-biotin complex technique. In brief, the procedure consisted of: (1) incubation with diluted normal goat serum; (2) incubation with rabbit anti-human von Willebrand factor (vWF) antibody (1:200, DAKO A/S, Glostrup, Denmark) to identify microvessels; (3) incubation with biotinylated anti-rabbit IgG and with avidin-biotin peroxidase complex; staining using a commercially available kit (MAX-PO; Nichirei Biosciences Inc., Tokyo, Japan). Final color products were developed using a solution containing 3, 3 0 -diaminobenzidine (DAB) and NiCl 2 (DAB substrate kit; Nichirei Biosciences Inc).
38,39
Quantitation of Microvessels Microvessel density in the most intensive neovascularization areas (hot spots) was assessed as a parameter of tumor-associated angiogenesis according to the established methods described previously. 25, 40 Briefly, the areas of highest neovascularization were found by scanning the tumors at low Tumor AT1 receptor and tumor growth N Imai et al power ( Â 100 magnification). After the most vascularized area was identified, the individual microvessels were then counted in three different fields of an area magnified at Â 200 in each tissue. The final capillary-density score represents an average of all fields.
Statistics
All values are presented as mean7s.e. ANOVA was used to evaluate the significance of differences with a post hoc test. P-values o0.05 were considered to be statistically significant.
RESULTS

AII Secretion and AT1 Receptor and Angiotensinogen Expression in LLC Cells In Vitro and in Allografts In Vivo
To clarify the mechanism of AII-induced tumor-associated angiogenesis, we investigated that whether LLC cells secreted AII and expressed AT1 receptor and angiotensinogen. In the supernatants of LLC cells, AII concentration was 7-9 pg/ml, which indicated that LLC cells secreted AII. Western blot analysis had demonstrated that LLC cells as well as VSMC but not HEK 293 cells expressed the AT1 receptor and angiotensinogen in vitro (Figure 1a) . LLC allografts grown in WT or AT1aÀ/À mice in vivo also expressed the AT1 receptor (Figure 1b) .
Expression of AT1a and AT1b Receptor in Tumor Tissues
AT1a receptor mRNA was detectable in LLC allografts in AT1aÀ/À mice, although the level was significantly lower in AT1aÀ/À mice than in WT mice. AT1b receptor mRNA was also detected in tumor tissue in AT1aÀ/À mice, but the level was significantly lower than that of AT1a receptor mRNA (Po0.01) (Figure 1c) . In contrast to AT1a receptor, AT1b receptor mRNA expression was higher in AT1aÀ/À mice than in WT mice. In both WT and AT1aÀ/À mice, the treatment of TCV-116 enhanced the expression of AT1b receptor mRNA (data not shown).
Effects of CV11974 and AII on Cell Growth of Cultured LLC Cells
The effect of AII on cell growth was tested along with CV11974. As shown in Figure 2a , AII treatment at various doses slightly inhibited the number of LLC cells. The treatment of CV11974 alone showed tendency to increase in the number of LLC cells, but the difference did not reach statistical significance. Therefore, the proliferation of LLC cells was not stimulated directly in vitro by neither exogenously applied AII nor LLC cells-secreted AII. Tumor AT1 receptor and tumor growth N Imai et al
Inhibition of Tumor Growth by Angiotensinogen siRNA
Tumor volume was significantly inhibited by treatment with mouse angiotensinogen siRNA in WT mice (Po0.05) (Figure 3a) . Western blot analysis revealed that the expression of angiotensinogen was significantly reduced in tumor tissues by locally applied angiotensinogen siRNA (Figure 3b ).
Tumor Growth in WT and AT1aÀ/À Mice LLC cells were implanted into the dorsal skin of WT and AT1aÀ/À mice. Tumor weights of 21 days after tumor implantation were shown in Figure 4a . The mean weight of tumors (1259.2799.7 mg) showed a tendency to be lower in AT1aÀ/À mice compared with those in WT-C (1551.07115.3 mg), but the difference did not reach statis- Together with these data, it was determined that not only the host RAS but also the tumor RAS had important roles in tumor growth.
Microvessel Density
Microvessel density was evaluated by immunohistochemistry ( Figure 4b ). The densities of vWF-positive microvessels inside tumors were significantly lower in AT1aÀ/À mice (8.871.01 vessels/fields, n ¼ 16) than in WT mice (17.371.8 vessels/fields, n ¼ 16) (Po0.01). TCV significantly reduced microvessel density in WT mice and AT1aÀ/À mice (Po0.01). Also, the microvessel densities in AT-TCV were significantly lower than in AT-C (Po0.05) (Figure 4c ). It was noteworthy that in AT1aÀ/À mice tumor tissues included wider necrotic and bleeding areas than in WT mice. (Figure 2b) . A tendency to increase VEGFb, VEGFc, and VEGFd mRNA levels with the treatment of AII was noted, but the differences were not significant (Table 1) . VEGFa protein levels in the supernatants of AII treated cells were significantly higher than those in the controls (Po0.01), which were cancelled by CV11974 treatment (Po0.05) (Figure 2c) . In Western blot analysis, similar tendency was observed (Figure 2d ).
Expression of VEGFa in Tumor-Associated Angiogenesis
VEGFa levels in tumor tissues were determined by specific ELISA (Figure 4d ). The levels of VEGFa in AT1aÀ/À mice were significantly lower than in the WT mice (Po0.01). TCV-116 significantly decreased the levels of VEGFa in both WT and AT1aÀ/À mice (Po0.01). ELISA revealed that VEGFa levels in the tumor tissue with stroma in AT-TCV were significantly lower than those in AT-C (Po0.01).
Expression of Angiopoietin-1, Angiopoietin-2, EGF, EGFR, VEGFR-1, and VEGFR2 in Tumor-Associated Angiogenesis Recently, some reports have shown that AII upregulates angiopoietin-2, EGF, and EGFR. 18, 27 So, the expression of other angiogenic factors was investigated. The result was shown in Table 2 . The expression of Angiopoietin-1 mRNA was significantly lower in AT1aÀ/À mice than in WT mice. An- Tumor AT1 receptor and tumor growth N Imai et al giopoietin-1 mRNA levels were reduced by TCV-116 in WT mice, but were not affected in AT1aÀ/À mice. Angiopoietin-2 mRNA levels showed no differences between WT and AT1aÀ/À mice. The expression of EGF mRNAs was reduced in WT-TCV and in AT-TCV in comparison with WT-C. EGF mRNA expressions were similar in WT and AT1aÀ/À mice. TCV-116 markedly reduced EGF mRNA levels in both WT and AT1aÀ/À mice. The level of VEGFR2 mRNA was significantly lower in AT1aÀ/À mice than in WT mice, and was not influenced by TCV-116 treatment. The level of EGFR and VEGFR1 mRNA showed tendency to reduce in WT-TCV compared with WT-C, but showed no significant differences between WT and AT1aÀ/À mice.
DISCUSSION
The RAS is an important system in regulating vascular homeostasis, and current evidence is accumulating in support of the idea that AII plays a role in the proliferation, migration, and growth factor synthesis in several types of vascular cells. However, the precise roles of the RAS in angiogenesis, especially in tumor-associated angiogenesis,
have not yet been determined. Egami et al 25 showed the host Table 2 Other angiogenic factor mRNA levels in the tumor tissues
Ratio to WT-C P Ratio to WT-C P Ratio to WT-C P Ratio to AT-C P Ratio to AT-C P Ratio to AT-C P AT-TCV 1.14 0.21 1.28 0.14 1.23 0.21
Tumor AT1 receptor and tumor growth N Imai et al AII-AT1 receptor pathway played an important role in tumor growth and tumor-associated angiogenesis in vivo by using the AT1aÀ/À mice model in which tumor-associated macrophage infiltration was an important determinant of tumor-associated angiogenesis. Fujita et al 26 also showed the host stromal AT1 receptor pathway was important in tumor growth and tumor-associated angiogenesis by using AT1aÀ/À mice with or without the AT1 antagonist model. Thus, we investigated whether the proangiogenic factors together with activators of RAS could be secreted from tumor cells, and whether these cooperated during tumor-associated angiogenesis, when the AT1 receptor was present in the tumor cells.
AT1a receptor mRNA was detectable in LLC allografts in AT1aÀ/À mice, thereby suggesting the local synthesis of AT1a receptor in the tumor tissue. AT1b receptor mRNA was also detected in tumor tissue in AT1aÀ/À mice, although the level was significantly lower than that of AT1a receptor mRNA.
Next, we began by examining whether the block of angiotensinogen in tumor tissue by using mouse angiotensinogen siRNA inhibited tumor growth. In WT mice treated with angiotensinogen siRNA, the tumor size was significantly reduced in comparison with the control group. The local RAS (local AII and local AT1 receptor) in tumor tissues had very important roles in tumor development. The question of which local host or tumor RAS had more important roles in tumor growth was then studied using AT1aÀ/À mice and AT1 receptor antagonist. Allograft models using AT1aÀ/À mice are appropriate to see the contribution of the tumor RAS (AT1a receptor of tumor cells and AII produced by tumor cells), for AT1aÀ/À mice have no host AT1a receptor. Tumor growth and tumor-associated angiogenesis were significantly reduced in AT1aÀ/À mice. Moreover, tumor growth and tumor-associated angiogenesis were found to be reduced significantly in AT-TCV compared with AT-C. As TCV-116 blocks AT1a and AT1b receptor, next question was whether AT1a receptor in tumor cells or AT1b receptor in host tissues was blocked by TCV-116 when AT1aÀ/À mice were treated with TCV-116. The AT1b receptor mRNA expression was significantly lower than the AT1a receptor mRNA expression. As the ratio of mRNA for AT1b/AT1a receptors in VSMC cells was 0.59, 41 the expression of AT1b receptor mRNA in our tumor tissue was very low. Although the effect of AT1b receptor of host tissues cannot be ignored, this strongly suggested that the AT1a receptor of tumor cells had more important roles in tumor growth and tumor-associated angiogenesis than AT1b receptor of host tissues. Taken together, the tumor AT1a receptor as well as host AT1a receptor had significant roles in tumor growth and tumorassociated angiogenesis.
As many researchers have pointed out, VEGFa is an important mediator of angiogenesis. 42 The expression of VEGFa protein and production of VEGFa mRNA was increased by stimulation with AII, and reduced significantly by the AT1 receptor antagonist in vitro. Although the change of VEGFa mRNA levels by stimulation with AII was small, but we believe it was biologically significant because the level of VEGFa protein was also increased by AII. In vivo, the level of VEGFa protein was significantly lower in AT1aÀ/À mice than in WT mice. Moreover, the level of VEGFa protein was significantly lower in AT-TCV than in AT-C. Fujita et al 26 showed the administration of an AT1 receptor antagonist did not suppress the expression of VEGFa in tumor tissues of AT1aÀ/À mice, which had no detectable AT1 receptor. Our study clearly demonstrated that the AT1 receptor was detected by western blot analysis in the LLC cells. Kang et al 43 showed that AII stimulated the synthesis of VEGFa in podocytes and that the production of VEGFa induced by AII was mediated, in part, through the activation of the p38 mitogen activated protein kinase pathway. Suganuma et al 44 also showed that AII enhanced tumor cell invasion and VEGFa secretion via AT1 receptor in ovarian cancer cell lines in vitro. Therefore, the difference of VEGFa production may be caused by the expression of AT1 receptor in tumor cells. Our results suggest that the tumor RAS plays an important role in promoting tumor angiogenesis through the induction of VEGFa in vivo and in vitro. As human pancreas, breast, skin, prostate, brain, cervix, and ovarian carcinoma cells have AT1 receptors, 18 this concept may have applications to cancer therapy.
In lung cancer cells, our experiments provided the first evidence for AT1 receptor mediated VEGFa, VEGFR2, and angiopoietin-1 levels upregulation. When AT1 receptor was present in the tumor cells, AII may promote tumor-associated angiogenesis via various angiogenic factors. However we think that the most important angiogenic factor is VEGFa via the AT1 receptor, because VEGFa was most correlated with tumor size.
In conclusion, the present study shows that tumor and host VEGFa induction mediated by tumor and host RAS are key regulators of tumor growth and tumor-associated angiogenesis and that a new mechanism for the blockade of AT1 receptor signaling in tumor-associated angiogenesis, which may become an effective novel strategy for the chemoprevention of neoplasms.
